An artificial blood vessel with an endothelial-cell monolayer was used as an arterial substitute in rats. Endothelial cells were isolated from the aorta of a Wistar rat by the digestion method. The cell identification was established by the cobblestone appearance of a confluent cell monolayer, by an expression of factor VIIIrelated antigen, and by the presence of Weibel-Palade bodies. The luminal surface of the thin-walled polytetrafluoroethylene (PTFE) graft (4 mm in diameter and 10 mm in length) was coated with an endothelialcell monolayer for 7 days in vitro. An interpositional graft was placed using the endothelial cell-coated PTFE prosthesis on the right common carotid artery in seven rats. A total of 10 rats received an interpositional graft with the noncoated PTFE prosthesis as a control. The patency rate at 1 month after implantation was significantly higher in the coated group than in the control group. The vascular prosthesis with an endothelialcell monolayer is a promising technique to inhibit the development of thrombosis.
N
ORMAL intact endothelium is the most nonthrombogenic tissue interface known. In neurosurgical bypass operations, relatively small vessels have been used, J 1.13,~5 but small-caliber artificial vascular grafts have rarely been employed because of their thrombogenicity. Endothelial-cell desquamation or subendothelial tissue exposure leads to rapid activation of platelets and subsequent thrombosis? 4 The absence of an endothelial-cell monolayer coveting the graft's luminal surface is one factor contributing to the relative thrombogenicity of small-diameter prostheses. 2 An artificial vascular prosthesis coated with endothelial cells has been accepted as one of the most promising approaches for ensuring antithrombogenicity. 3's'~9 '26 Most of the studies have been based on endothelial-ceU seeding on artificial vascular grafts, with or without a coating layer of adhesive proteins such as collagen and fibronectin 4,8,20,2 i Expanded polytetrafluoroethylene (PTFE) grafts are currently the most widely used synthetic alternative to autogenous vessels in systemic vascular surgery. Recently, a thin-walled (0.39-ram) PTFE graft has been introduced that is alleged to have the same bursting strength, suture retention ability, and porosity (17 to 30 u) as the standard PTFE graft. :8'3~ Canine grafts seeded with endothelial cells have shown improved small-artery patencyfl 7 Shindo, et aL, z6 reported that seeded grafts 4 mm in diameter demonstrated an 86% patency rate at 1 month after implantation, in contrast to the significantly lower 14% patency rate of the unseeded control grafts.
This article describes endothelial-cell isolation from the rat aorta, endothelial-cell coating onto the PTFE graft in vitro, and an in vivo study. We compared the two grafts with or without endothelial-cell coating for thrombus formation in vivo, following microsurgical interpositional grafting of the common carotid artery (CCA) in rats.
Materials and Methods

Preparation of Endothelial Cells
A 9-week-old male Wistar rat was anesthetized with sodium pentobarbital (40 mg/kg) injected intraperitoneally, and the aorta was removed using a sterile surgical technique. Endothelial cells were obtained by digestion of the aortic interior with 0.2% crude collagenase in phosphate-buffered saline (PBS) for 15 minutes at 37~ The collagenase solution was drained from the aorta, which was then rinsed with calcium-and magnesium-free (CMF) Hanks' solution. The cells in these solutions were then sedimented by centrifugation at 2000 rpm for 5 minutes, washed once with Dulbecco's modified Eagle's medium (DMEM) containing 20% fetal bovine serum (FBS) and antibiotics, seeded in tissue culture dishes coated with type I collagen in DMEM containing FBS, and incubated at 37~ in a 5% CO2 atmosphere.
The cells were maintained in a routine manner and reached confluency in 1 week as determined by visual inspection under an inverted microscope.* The cell monolayer was dissociated by exposure to a solution of 0.25% trypsin and 0.02% ethylenediamine tetra-acetic acid (EDTA) in CMF Hanks' solution, pH 7.4, for 2 to 3 minutes at 37"C with gentle pipetting. After the cells were lifted from the surface, they were transferred to a tube containing approximately 5 ml DMEM with FBS, collected by centrifugation, and washed once with the medium. The cell pellet was then resuspended in the medium, split approximately at a 1:4 ratio, plated in the tissue culture dishes, and incubated as described above.
Fifteen-passage endothelial cells were used in this study. Cell identification was established by the cobblestone appearance of confluent-cell monolayers, by expression of factor VIII-related antigen, and by the presence of Weibel-Palade bodies? ~
Artificial Blood Vessels
A thin-walled PTFE graft~-with an inner diameter of 4 mm was cut in sections 10 mm in length, and small pieces of lead were attached to both ends as sinkers. Type I collagen~ (0.03% acid soluble, pH 3.0) was diluted with acetic acid (pH 3.0) at a ratio of 1:10 to form a coating solution. This collagen solution (0.15 to 0.2 ml) was applied to the luminal surface of the sterilized grafts placed in 35-mm culture dishes, and the grafts were rotated so that the entire luminal surface was covered completely. The graft coated with type I collagen was dried overnight in a laminar flow hood.
Coating With Endothelial Cells
The endothelial-cell suspension, collected as previously described, was gently poured onto the luminal surface of the graft in the dish with a pipette. The suspension shed from the lumen onto the dish. The graft was immersed in the culture medium. The cells were incubated at 37"C in a 5% CO2 atmosphere. At 24 hours after seeding, when the culture medium was changed, the graft was rotated 180" and additional endothelial-cell suspension was poured onto the luminal surface of the graft. These cells were seeded at a density of 1 x 106 cells/ml. The culture medium was changed three times, on the 1st, 3rd, and 5th day after *Inverted microscope, Model CK2, manufactured by Olympus, Tokyo, Japan.
t Polytetrafluoroethylene graft was a gift of Japan GoreTex, Tokyo, Japan.
Rat type I collagen provided by Sigma Chemical Company, St. Louis, Missouri.
H. Kobayashi, et al. seeding. Whenever the culture medium was changed, the graft was rotated 180* again and immersed in the medium. The cells on the culture dish reached confluency in 7 days as determined by visual inspection under an inverted microscope. It was assumed that the cells on the graft would reach confluency when the cells on the culture dish reached confluency.
In Vivo Study
A total of 17 Wistar rats, weighing 400 to 450 gm each, were used in this study. The rats were divided into an endothelial-ceU coated group (seven rats) and a control group (10 rats). The animals were anesthetized with sodium pentobarbital (40 mg/kg), injected intraperitoneally, and an anterior skin incision was made from shoulder to shoulder. The right CCA was exposed and temporarily occluded with two polyethylene vascular occluders. To relieve spasm, 0.25% bupivacaine was applied to the vessel. A 5-mm segment of the CCA was removed and a 10-mm PTFE graft was interposed using an operating microscope. Two end-to-end anastomoses were performed with 10-0 monofllament nylon suture. The diameter of the PTFE graft was considerably greater than that of the arterial wall. The size discrepancies between the ends were compensated for by taking larger bites set further apart in the wall of the PTFE graft. The vascular occluders were then removed. In the coated group, the internal surface of the PTFE graft was coated with type I collagen and then with an endothelial-cell monolayer. The control group graft was coated with only type I collagen. The animals did not receive any anticoagulant or antithrombotic agents.
All animals were sacrificed at 1 month after implantation. The cardiovascular system was perfused with 40 ml of saline followed by 30 ml of 2.5% glutaraldehyde buffered with 0.1 M sodium cacodylate. The perfusion pressure was maintained at 100 cm H20. The PTFE graft was removed for histological examination.
Microscopic Examination
The endothelial cells were grown to confluence on a tissue culture chamber/slidew coated with type I collagen. The cell monolayers were washed with PBS, then fixed in 4% paraformaldehyde for 30 minutes at room temperature, followed by treatment with 1% Triton X-100 for 5 minutes. The monolayers were treated with rabbit anti-human factor VIII-related antigen antiserum in the peroxidase-antiperoxidase (PAP) technique. II The PTFE grafts were fixed at 4"C in 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.2, for 2 hours. Postfixation was performed for 2 hours in 1% OsO4 in buffer at 4~ and the grafts were then divided into two pieces. Samples for transmission electron miw Lat Tek tissue culture chamber and slides manufactured by Miles Scientific Laboratories, Inc., Naperville, Illinois.
II Rabbit factor VIII-related antigen antiserum and PAP treatment kit manufactured by DAKO Corporation, Carpinteria, California. croscopy were rinsed with PBS, dehydrated with graded ethanols through three changes in 100% ethanol, and embedded in Epon 812. Semithin sections were cut with an ultramicrotome and stained with toluidine blue. Ultrathin sections of selected areas were stained with uranyl acetate and lead citrate, and examined with an electron microscope.* For scanning electron microscopy, samples were dehydrated in graded ethanols and amyl acetate after osmium fixation, and were then critical-point dried with C02, cut longitudinally, and coated with gold in an evaporator.t
Statistical Analysis
The data concerning patency of the graft versus occlusion were analyzed by the chi-squared test between the control group and the coated group. P values of 0.05 or less were considered statistically significant.
Results
Morphological Changes Or the In Vitro Study
Endothelial cells on culture plates were visually identified by their typical cobblestone morphology. Contamination with different cell types was not detected. * Electron microscope, Model H7000, and scanning electron microscope, Model S-450, manufactured by Hitachi, Ltd., Tokyo, Japan.
Evaporator, Model 1B-3, manufactured by EIKO, Mito, Japan. Figure 1 shows endothelial cells grown to confluence on the tissue culture chamber/slide, which was treated with rabbit anti-human factor VIII-related antigen anti-serum by the PAP technique. Positive staining is seen in the cytoplasm of the endothelial cells.
After 1 week, the luminal surfaces of the PTFE prostheses coated with type I collagen were completely covered with endothelial cells. Figure 2 shows a scanning electron micrograph of the luminal surface of a PTFE graft coated with type I collagen at 7 days after endothelial seeding. A continuous endothelial-cell monolayer covered the collagen-coated prosthesis. Light microscopy of the semithin section stained with toluidine blue demonstrated a continuous endothelial-cell monolayer overlying the prosthesis. Figure 3 shows a transmission electron micrograph of the seeded graft which was coated with type I collagen at 7 days after seeding. The luminal surface of the seeded graft revealed ultrastructural characteristics typical of endothelial cells, including a dense nucleus, adhesion-like junctional regions, and extremely attenuated cytoplasmic extensions. Weibel-Palade bodies were also observed in the cytoplasm of the endothelial cells. Table 1 shows the patency rates at 1 month after implantation, which were 20% in the control group and 86% in the endothelial-cell coated group. The coated group exhibited significantly greater patency than did the control.
Patency Rates in the In Vivo Study
Morphological Changes in the In Vivo Study
One of seven grafts in the coated group and eight of 10 in the control group were found to have thrombosed and organized. The luminal surfaces of the patent PTFE grafts in both groups were completely covered with endothelial cells. Nylon sutures were also covered with Figure 4 shows a scanning electron microscope specimen of the anastomotic site in the coated group. A discrepancy in size is observed between arterial and graft diameters. The luminal surface is completely covered with endothelial cells, which are regularly aligned to the blood stream.
Discussion
In Vitro Study
Isolation and Identification of Endothelial Cells. The rat aorta was peffused with collagenase instead of trypsin in order to minimize both cell damage j6 and the possibility of digesting the internal elastic lamina of the aorta. The cell identification was established by the cobblestone appearance of confluent cell monolayers, by expression of factor VIII-related antigen, and by the presence of Weibel-Palade bodies in this study? ~ Factor VIII-related antigen can be found in endothelial cells, platelets, and megakaryocytes, 9 and is widely considered to be the most reliable marker for endothelial cells. It has been reported that WeibelPalade bodies are difficult to find in bovine, murine, or rat endothelial cells. 32 They are not practical markers in some species. It has been shown that angiotensinconverting enzyme, prostacyclin, and endothelin are present in the endothelial cells. 7"~:' 3~ These are also used as endothelial markers.
Endothelial-Cell Coating. It has been reported that when endothelial cells are cultured on basement membrane-associated collagen (types IV and V)-coated Petri dishes, the cells organize into tube-like structures} 8 In contrast, when gown on interstitial collagen (types I and III)-coated dishes, the cells proliferate and form a confluent monolayer.'7 The luminal surface of the type I collagen-coated PTFE prosthesis was completely covered with an endothelial-cell monolayer after 7 days in our study. Further investigation will be needed to determine the proper cell density and better culture conditions.
In Vivo Study
The patency rates at 1 month after implantation were 20% in the control prostheses and 86% in the endothelial cell-coated prostheses. It has been reported that the patency of the small-caliber arterial prostheses may be significantly enhanced with antiplatelet treatment and by lining the luminal surface with autogenous endothelium. 4' 5' 2~' 27 There is considerable evidence that such endothelialization reduces platelet accumulation, TM provides active prostacyclin secretion, 24 and minimizes the risk of bacterial infection?
It has been shown that, with the larger-caliber arterial prostheses used in vascular surgery, the use of autogenous endothelial cells to preclot vascular prostheses just before operation facilitates the development of a complete endothelial lining on the luminal surface of the graft, s Dacron and PTFE vascular graft materials clearly activate the complement system with release of potent and potentially damaging inflammatory mediators} 5 These mediators are capable of stimulating both local platelet aggregation and in situ production of tissue thromboplastin by polymorphonuclear leukocytes. 25 The vascular prosthesis coated with an endothelialcell monolayer is promising for antithrombogenicity, especially in small-caliber prosthesis. Ramalanjaona, et FIG. 4 . Scanning electron micrograph of the luminal surface of the prosthesis coated with an endothelial-cell monolayer at 1 month after implantation. The surface was completely covered with endothelial cells. The common carotid artery is at left, the prosthesis at fight. • 730.
al., 2~ have demonstrated that pretreatment of PTFE grafts with an appropriate concentration of fibroneetin significantly increased the initial adherence of harvested endothelial cells, and that there was also a significant reduction in the subsequent loss of these cells from the graft during the first 24 hours after restoration of the flow.
In our control group, the patency rate was low for the following reasons: I) a small-caliber (4-ram) prosthesis was coated with type I collagen, which led to rapid activation of platelets and would subsequently cause thrombus formation; 6-14 and 2) as the size discrepancy between the arterial end and the prosthesis end was large, the turbulence at anastomotic sites was great, and the risk of thrombosis was enhanced. Rosenman, eta] ., 22 reported that, within 30 minutes after restoration of flow, there is rapid loss of the cells that were harvested from the autogenous vein and seeded onto the prosthesis just before surgery and that, by 24 hours, fewer than 4% of all the cells that were originally adherent remain on the prosthesis. We cannot say how many endothelial cells remained on the prosthesis after restoration of flow in our coated group. Further study will be needed to clarify this point.
